Microstructure evolution in the commercial Mg-Nd-Gd-Zn-Zr alloy Elektron 21, solidified under nearly isothermal conditions, has been studied via in-situ X-ray radiography. For cooling rates T ≤ 0.075 K/s, primary equiaxed α-Mg dendrites undergo a morphological transition after nucleation and an initial stage of growth. The growth regime is observed to change abruptly from a 3D to a more pronounced anisotropic sheet-like growth occurring predominantly along 〈112 ̅ 0〉 direction, with a 4-5 times increase in the growth velocity. The experimental results together with thermodynamic calculations and density functional theory simulations give support to relate the morphology transition to the formation of ordered rare earth-zinc dimers in the {0001} basal plane and {101 ̅ 1} pyramidal plane of α-Mg lattice. At the temperature where the morphological transition occurs, it is found that both the solute concentration and zinc diffusivity in α-Mg are high enough for dimer formation to occur 2 within a diffusive layer extending a few micrometres from the solid-liquid interface into α-Mg, and thereby open for increased solute-partitioning at the growth front.
INTRODUCTION
In the pursuit of weight reduction and improved fuel efficiency in ground vehicles and aircrafts, magnesium alloys have received considerable attention among structural materials due to their low density and high specific strength and stiffness [1] . In addition to commonly used magnesium alloys containing Al and Mn (AM) or Al and Zn (AZ), new highperformance wrought and casting alloys containing rare earth (RE) elements such as Nd and Gd have been developed. Mg-RE alloys show improved mechanical properties compared to conventional AM and AZ alloys, as well as a significant age hardening response and good thermal stability up to 250 °C [2] [3] [4] [5] [6] [7] [8] [9] , making them suitable for more demanding engineering applications. Furthermore, addition of Nd is recognised as an effective approach to overcome the low ductility and mechanical anisotropy of wrought magnesium alloys at room temperature, thus improving their formability [6, 10] .
Microstructures of AM, AZ and Mg-RE alloys have been characterised extensively by means of post-solidification metallographic investigations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Aiming at predicting microstructure and properties of industrial magnesium casting alloys, recent attempts have been made to model the formation, growth orientations and morphologies of 3D α-Mg dendrites in a number of magnesium alloys [21] [22] [23] . It has been shown that α-Mg dendrites grow with an almost perfect six-fold symmetry in the Mg-9 wt.% Al alloy [21] , with arms 3 oriented along the 〈112 ̅ 0〉 direction in the {0001} basal plane. Phase-field simulations have also revealed both solid/liquid interface energy anisotropy and diffusivity as critical to the formation of dendrite morphologies. Regarding the solidification microstructure of the wt.% Zn alloy [22] , a six-fold branched secondary dendritic structure has been observed to develop behind the tip of the [112 ̅ 0] primary advancing trunk. Among these secondary arms, two follow 〈112 ̅ 0〉 directions, whereas the remaining four branches are oriented along 〈224 ̅ 5〉 directions. In their study on the 3D morphology of α-Mg dendrites in Mg-30 wt.% Sn and Mg-30 wt.% Gd alloys [23] , Yang and co-authors have reported the formation of eighteen-fold branched primary structures in both alloys, in which six arms lie in the {0001} basal plane and grow along 〈112 ̅ 0〉 direction, whereas the remaining twelve branches are located in a non-basal plane growing along the 〈112 ̅ 3〉 direction. A further secondary branching along the same 〈112 ̅ 0〉 and 〈112 ̅ 3〉 directions develops from the primary trunks, leading to an intricate 3-D shape. The occurrence of such complex 3-D morphologies demonstrates that the growth of α-Mg dendrites can be markedly influenced both by the type and the amount of solid solution elements. Nevertheless, apart from a very recent study by Wang et al. [24] , dynamic phenomena or growth kinetics associated with the solidification microstructure evolution have not been addressed in detail.
In-situ X-ray radiography has emerged as a versatile technique in solidification science permitting real-time observations of microstructure spatiotemporal evolution through attenuation and/or phase shift of the X-ray field by the material. Apart from the wellestablished synchrotron-based investigations [25] , recent advances in compact microfocus Xray source and high-efficiency detector technologies have allowed in-situ X-ray radiographic solidification experiments to be performed in home laboratories [26] [27] [28] [29] . The home-lab technique provides image contrast exclusively by X-ray absorption, and accordingly its 4 application is limited to systems in which the evolving phases can be distinguished from adequately sharp transitions in the X-ray attenuation across phase domains boundaries.
In the case of commercial magnesium foundry alloys, those belonging to the AM and AZ series will not generally provide appreciable solid-liquid absorption contrast at the X-ray photon energies required for sample transmission. Additional alloying by a contrast enhancing element, like the enhancement by Cu-alloying successfully applied in studies of Al-Si eutectics [30, 31] , should be sought for to open for studies in these systems. Some of the Mg-RE commercial variants, on the other hand, would be suitable for home laboratory in situ Xray radiographic studies without any additional alloying, as RE have appreciable photoelectric absorption cross sections at relevant X-ray photon energies [24] . The present manuscript reports on X-ray radiographic in-situ studies of α-Mg primary microstructure formation and evolution in the commercial Mg-RE alloy Elektron 21.
MATERIALS AND METHODS
The deliberate alloying elements of Elektron 21 are Nd ~ 2.8 wt.%, Gd ~ 1.5 wt.%, Zn ~ 0.4 wt.%. Zr is usually added for grain refinement purposes at levels above its maximum solubility in molten Mg (~ 0.4 wt.% for this multicomponent alloy). In the present work, several samples were machined from Elektron 21 cast ingots as delivered by Magnesium Elektron, and sectioned into 50 x 5 x 1 mm strips. The strips were manually ground with progressively finer grades of silicon carbide paper, up to 4000 grit, arriving at final sample dimensions of 50 x 5 x 0.16(1) mm (L x W x D).
A microfocus X-ray radiography setup, custom-built for in-situ solidification studies and described in detail elsewhere [26, 27] , was used for the experiments. The setup incorporated a new chamber to perform experiments under argon atmosphere with oxygen levels controlled < 0.5%, preventing self-ignition of molten magnesium. In a compromise between X-ray absorption contrast and sample transmission, the X-ray source was operated at 55 keV and 50 μA.
The latest available version of the Mg database PanMg in the Pandat software [32] reports a liquidus temperature T L ~ 915.4 K for the alloy, with a solidification range of approximately 120 K (Figure 1 is observed to develop at much higher growth rate and with a distinctively different morphology than the original dendrites in the region. At t = 45 s, a similar morphological feature is observed to develop directly from one of the six branches of an original dendrite ("II"), rapidly spreading in the liquid area in between previously formed dendrites. Two additional transition events ("III" and "IV") occur in the FoV at later stages.
RESULTS

X-ray Radiographic Experiments
(Figure 2)
Instantaneous interface propagation velocities have been extracted throughout the full sequence for the regions I-IV where the morphological transition occurs, and are presented in As T increases up to 0.075 K/s, finer α-Mg dendrites are observed in the FoV. Nonetheless, the morphology transition can still be identified. At T ≥ 0.1 K/s, the second morphology cannot be separated reliably from initial α-Mg dendrites: its development is beyond the detection limit of the camera, both in terms of spatial and temporal resolutions ( Figure 3 ).
(Figure 3)
The temperature difference, Table 1 . It should be noted that none of the post-solidified samples investigated by EBSD gave indication of growth twinning as a possible mechanism behind the increase in growth velocities associated with the morphological transition.
Post-Solidification Microstructure and EBSD Orientation Mapping
( Figure 6 ) Table 1 -L x W in-plane growth directions of the second morphology for a number of selected grains shown in Figure 5 and 6. Figure 5 Red grain #1
Grain
Measurement L x W In-plane Growth Directions
Light blue grain
Pink grain
According to the pole distributions in Figures 5 and 6 , development along 〈112 ̅ 0〉 direction in the basal plane is the most frequent, whereas the 〈101 ̅ 0〉 direction is less likely. Non-basal plane growth directions can also be extracted. As shown in the pole distributions of Figure 5e and 6c-e, some dendrites have at least one branch growing in 〈112 ̅ 3〉. Contrary to previous studies [21] [22] [23] 34] , branching is also observed in the 〈0001〉 direction (#2 secondary arm of the pink grain in Figure 6a and corresponding pole distribution in Figure 6c ). In this case, however, growth might be accentuated by the containment of the sample in the thickness direction, forcing the dendrite to develop along less favourable paths. It is clear, however, that a more detailed 3D investigation, like the one by Yang et al. [23] , is required to have unambiguous information on all the actual 3D growth directions of α-Mg dendrite branches.
DISCUSSION
From the X-ray radiograms, see e.g. Figure 2a , it can be seen that the second type morphology microstructure appears with a weaker image contrast than the original α-Mg dendrites, which could be indicative of a marked change in the solid constitution. However, as growth proceeds, the second morphology gradually becomes indistinguishable from the original dendrites. It therefore seems reasonable to assume that the difference in X-ray absorption contrast between the first and the second morphology features relates to a marked change in solid thickness parallel to the image projection direction. Thus, the second type morphology appears as darker in the projected images due to substantially longer beam paths through the solute-enriched and attenuating liquid. This implies a transition in growth morphology from one more or less fully 3D volume spanning to a more anisotropic and pronounced sheet-like growth morphology.
According to the EBSD data, growth of second type morphology occurs predominantly along 〈112 ̅ 0〉 crystallographic direction in the {0001} basal plane ( Figures 5 and 6 ). This is in agreement with the pyramid plane principle used by Pettersen et al. [34] , the comparisons between reticular densities of the liquid and the solid in 〈101 ̅ 0〉 and 〈112 ̅ 0〉 directions made by Yang and co-authors using Chadwick's hard sphere model [23, 35] The results unequivocally point to Gd-Zn dimers as energetically favourable over a random solid solution (Figure 8 ). In fact, all the single and double dimer configurations tested gave a reduction in the system total energy. However, comparisons between the arrangements also reveal an evident anisotropy in energy reduction, implying a preferential formation of single and/or double dimers in a non-basal plane. This result is in good agreement with the activation of the 〈112 ̅ 0〉 direction as the predominant growth orientation for the fastdeveloping second morphology. According to Bravais law the slowest growing directions of a crystal are the directions perpendicular to the closest packed planes. Thus, the growth of a dendrite trunk along a specific direction can be regarded as the growth of a pyramid whose axis is precisely that direction, and the closest packed planes are the pyramidal planes. As stated by Petterson et al. [34] , {101 ̅ 1} planes have to be such limiting closed packed planes in order to allow growth along 〈112 ̅ 0〉. As Gd and Zn atoms form both single and double dimers by arranging in the α-Mg lattice as nearest neighbours in order to reduce the system total energy (Figure 8 ), such atoms must necessarily arrange in consecutive {101 ̅ 1} pyramidal planes at the shortest possible interplanar spacing ({101 ̅ 1} planes are unevenly spaced).
Therefore, since dimers are energetically favoured in both the {0001} and the {101 ̅ 1} planes, both compatible with growth along 〈112 ̅ 0〉 direction, and since growth along directions perpendicular to these close packed planes is hindered, the anisotropic growth observed in Xray radiograms seems reasonable.
(Figure 8)
As can be also seen from the results, double dimers are energetically favourable over single dimers. Nevertheless, it should be noted that formation of single dimers will be considerably faster than a double dimer formation from a kinetic perspective: minimisation of the system total energy, in fact, would require the assembly of specific double dimer constellations consisting of alternate single dimers where Gd-Gd interatomic distance is longer than Zn-Zn separation.
In order to relate a possible co-segregation and dimer formation to the observed morphological transition, a transport-based growth restriction at the solid-liquid interface must be established that incorporates dimer formation, takes into account the detected sheetlike growth anisotropy, and furthermore relates the transition to constitutional conditions at 15 the interface and in the adjacent liquid at T ~ 915.3 K. Recently, Das and co-workers [40, 41] have fitted anisotropic diffusivities for Gd and Zn in α-Mg with experimental data from binary alloys measured up to 743 K and 603 K, respectively. The models do not allow for a reliable anisotropic extension up to temperatures relevant for this study. In fact, the models indicate that the diffusive anisotropy should reduce with increasing temperatures [41] . It is important to note, however, that the isotropically averaged diffusion coefficient of Zn is larger than that of Gd in that range of temperature, becoming up to two orders of magnitude larger when the models are extended to 915.3 K, i.e. diffusivities of Zn and Gd. However, diffusion coefficients can be predicted using the method proposed by Roy and Chhabra [42] . According to the authors, the diffusivity of a solute A in a solvent B accounting only for size effects can be calculated as:
where B and V 0 are two characteristic constants determined via the fluidity approach of Hildebrand [43] , V is the molar volume calculated as the ratio between the atomic weight of the solute element and its density at a temperature = B [44] , R is the gas constant and d A,B are the Goldschmidt atomic diameters of solute and solvent. As shown in Table 2 , ) [43] from viscosity data [46, 47] . Liquid diffusion coefficients are determined from equation (1) . References of data available in literature are in square brackets. partitioning of additional solute elements at the growth front, thus enhancing attachment and growth along 〈112 ̅ 0〉 direction in a self-sustaining mechanism. The limited number of grains and grain orientations available, the actual orientation relationships between neighbouring grains, and quite likely also the sample confinement hinder growth along 〈112 ̅ 0〉 in all cases, leaving grains to subsequently expand by growth along directions with higher activation energies (e.g. 〈112 ̅ 3〉, also reported in [23] ).
Two further aspects should also be kept in mind: (i) the interface propagation velocities increase by a factor 4-5 during the morphological transition (Figure 2b Red dendrite: all growth orientations (#1 to #7) belong to the 〈112 ̅ 0〉 set of directions. Light blue dendrite: #8 belongs to 〈112 ̅ 0〉, whereas #9 and #10 to 〈112 ̅ 3〉. Despite no direct evidence from the solidification sequence, it is likely that the orange and azure grains also underwent morphology transitions. Pole distributions with respect to the 〈0001〉, 〈101 ̅ 0〉, 〈112 ̅ 0〉 and 〈112 ̅ 3〉 growth directions for the pink, green and purple dendrites, respectively. Pink dendrite: #1 growth orientation belongs to 〈101 ̅ 0〉 set of directions, #2 to 〈0001〉, #3 to 〈112 ̅ 0〉 and #4 to 〈112 ̅ 3〉. Green dendrite: #5 and #8 belong to 〈101 ̅ 0〉, #6 to 〈112 ̅ 0〉 and #7 to 〈112 ̅ 3〉. Purple dendrite: #9 and #12 belong to 〈112 ̅ 0〉, whereas #10 and #11 to 〈112 ̅ 3〉. 
